Anti-DNA antibodies are important markers for the diagnosis of several autoimmune diseases. 1, 2 For example, systemic lupus erythematosus (SLE), a chronic autoimmune connective tissue disease, is characterized by the production of an array of IgM and IgG autoantibodies directed against nuclear components, the most frequent targets of which are doublestranded (ds) and single-stranded (ss) DNA. [3] [4] [5] Indeed, both
anti-ssDNA and anti-dsDNA antibodies are involved in disease development, 6 and high levels of anti-DNA antibodies are associated with disease flares (acute exacerbation of the disease). 7, 8 Consequently, the quantitative monitoring of sera levels of anti-DNA antibodies provides key insights into the activity and progression of the disease. 9, 10 Historically, several methods have been employed to quantify anti-DNA antibodies in the clinic, including the Farr assay, the Crithidia luciliae immunofluorescence technique (CLIFT), and a variety of other immunochemical approaches such as the enzyme-linked immunosorbent assay (ELISA), the bead-based immunoassay (luminex) and the fluorescent enzyme immunoassay (EliA). 9, [11] [12] [13] [14] [15] However, whereas these methods are sensitive and specific, they are also slow, cumbersome, and laboratory-bound approaches that require hours or days to return an answer to the clinician. In short, the need for a rapid, quantitative point-of-care approach to the detection of anti-DNA antibodies remains unmet.
In an effort to develop quantitative molecular diagnostics suitable for point-of-care, we have developed a reagentless, single-step electrochemical sensor platform comprised of an electrode-bound, redox-tagged oligonucleotide probe. [16] [17] [18] [19] Signalling in these electrochemical DNA (E-DNA) sensors requires only that target binding to the oligonucleotide probe changes the efficiency with which the attached redox tag strikes the electrode. 20, 21 Because of this, the E-DNA platform appears readily amenable to the detection of any target that binds to a DNA probe and, in doing so, changes the probe's collisional dynamics. 22 Thus inspired, we demonstrate here the use of an E-DNA-like sensor to detect anti-DNA antibodies at low nanomolar concentrations.
E-DNA sensors readily support the detection of anti-DNA antibodies. To show this, we have fabricated sensors from a 27-base probe modified with a 5 0 thiol group and a methylene blue redox tag at its 3 0 end. Following immobilization on a gold screen printed electrode, which supports strong chemisorption with the terminal thiol group, the probe was hybridized to a 22-base complementary sequence to form a double-stranded element ( Fig. 1, left) . In the absence of a target this double-stranded probe produces a significant current at the potential expected for the reduction of the methylene blue redox tag ( Fig. 1, right) . In the presence of anti-dsDNA antibodies this current is suppressed significantly, presumably because antibody binding reduces the flexibility of the probe and thus reduces the efficiency with which the redox tag collides with, and thus exchanges electrons with, the electrode. Upon titration with anti-dsDNA antibodies the dose-response curve of the sensor exhibits an EC50 (the analyte concentration inducing 50% of the maximum signal suppression) of 19 nM (an affinity comparable to that reported in literature 23 ), and a detection limit of B10 nM (B1.5 mg ml À1 ) with a linear response up to 80 nM (Fig. 2, left). A brief wash in 8 M urea is sufficient to regenerate 99% of the sensor's original signal (Fig. SI2w) , demonstrating that the observed signal decrease is not due to degradation of the sensor and allowing for ready re-use. Sensors employing single-stranded DNA probes support the detection of antibodies that bind to single-stranded DNA. For example, because anti-dsDNA antibodies recognize the deoxyribose phosphate backbone, they are known to cross-react with single-stranded DNA. [24] [25] [26] Sensors employing our 27-base, single-stranded probe in the absence of its complementary strand thus also support the detection of anti-dsDNA antibodies (Fig. 2, right) . And although the affinity with which the antibody binds single-stranded DNA in solution is reportedly slightly poorer than its affinity for double-stranded DNA, 23, 27 we observe an EC50 of just 7 nM with this probe. This poorer affinity for double-stranded DNA may arise due to the greater charge densities and steric hindrance associated with this probe. Similar signal suppression is observed when antibodies specific to single-stranded DNA (anti-ssDNA antibodies) are detected using the same 27-base, single-stranded probe, producing an EC50 of just 1.5 nM (Fig. 2, right) . With both anti-dsDNA and anti-ssDNA antibodies, however, the signal suppression observed with this single-stranded probe is lower than that obtained when our double-stranded probe is challenged with anti-dsDNA antibodies, presumably because the antibody-ssDNA complex is flexible enough to produce a significant electrochemical signal.
Our sensors are specific and selective. For example, we do not detect any significant signal change after incubation of our sensors with high concentrations of either non-specific antibodies or BSA (Fig. 3, left) . Indeed, our sensors are sufficiently effective in rejecting false positives arising due to the nonspecific adsorption of interferents that they can be employed directly in complex samples: for example, both single-strand and double-strand sensors support the detection of antidsDNA and anti-ssDNA antibodies directly in antibodyspiked fetal calf serum diluted 1 : 10 with buffered saline (Fig. 3, right) . Finally, our sensors are rapid and convenient, rendering them well suited for point-of care applications. Our sensors are, for example, supported on inexpensive, screen-printed electrodes and require only a simple, hand-held potentiostat for data collection. They are also rapid, exhibiting an equilibration time constant of B3 min (Fig. SI1w) and require neither wash steps nor the addition of exogenous reagents. These attributes compare quite favourably to those of existing methods for detecting anti-DNA antibodies.
To illustrate this we have performed more traditional electrochemical ELISA using the recognition element applied above. This entails incubation of a single-stranded DNA modified electrode with anti-dsDNA antibodies, incubation with a secondary antibody conjugated with alkaline phosphatase and the addition of 1-naphthylphosphate to enzymatically produce the electroactive 1-naphtol (all together requiring approximately 2 h). Monitoring the signal generated by 1-naphtol, which is directly proportional to the amount of anti-dsDNA antibody bound to the DNA probe, produces a classic sigmoidal dose-response curve with an EC50 of 3.5 nM Fig. 1 We have fabricated reagentless, single-step, E-DNA-like sensors for the detection of anti-DNA antibodies. Our approach employs a 27-base DNA probe covalently attached to a screen printed gold electrode using thiol-gold self assembled monolayer chemistry and containing a methylene blue redox tag at the 3 0 end. For the detection of anti-dsDNA antibodies this probe is hybridized with its complementary target to produce a double-stranded DNA as recognition element. (left) In the absence of a target, relatively efficient collision between the label and the electrode produces a large faradaic current from the attached methylene blue. (right) The binding of the antibody to the recognition probe reduces the efficiency with which the redox reporter approaches the electrode, significantly reducing this faradaic current. The sensors readily detect anti-DNA antibodies at nanomolar concentrations (here shown the representative voltammograms obtained with an anti-dsDNA antibody concentration of 20 nM). Fig. 2 The E-DNA sensor readily detects both anti-dsDNA (left) and anti-ssDNA (right) antibodies at low nanomolar concentrations. Because anti-dsDNA antibodies cross-react with single-stranded DNA it is also possible to detect them using a single-stranded 27-base DNA probe alone with high sensitivity (right). The single-stranded probe's affinity for authentic anti-ssDNA antibodies, however, is higher still (right). Both targets produce rather less signal suppression than that obtained with the double-stranded counterpart, presumably because antibody binding to the single-stranded probe does not efficiently inhibit collisions between the attached methylene blue redox tag and the electrode. The data points represent the average of replicate measurements conducted using three independently fabricated electrodes. Fig. 3 Our sensors are sufficiently specific to discriminate between the target antibody and non-specific proteins. For example, no significant signal is observed in the presence of a large excess of bovine serum albumin (BSA) (2 mM) or of a non-specific antibody (i.e. Antiaflatoxin Ab, 1 mM) (left). Also, the sensors readily detect anti-DNA antibodies in more complex samples, such as fetal calf serum (diluted here 1 : 10 with buffered saline) at nanomolar concentrations (here shown the representative voltammograms obtained with an anti-dsDNA antibody concentration of 20 nM) (right). (Fig. 4) . While this represents an approximately two-fold improvement over the EC50 of our E-DNA-like sensor, the two approaches nevertheless achieve quite similar detection limits. The E-DNA-like sensor, however, achieves its detection limit in far less time than the ELISA approach, and without requiring any incubation step, the addition of conjugated antibody or the injection of an enzyme substrate.
Here we have demonstrated a single-step, reagentless, electrochemical method for the detection of antibodies directed against single-and double-stranded DNA. Our approach is rapid, convenient and quantitative. It is also selective enough to deploy directly in the clinically relevant sample matrix: blood serum. Given these attributes, it appears that our approach is significantly more convenient-and significantly better suited for point-of-care applications-than existing methods for the detection of this important class of diagnostic markers.
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